A set of nineteen specific magnetic field structures in distant (220 Re) ISEE 3 magnetotail plasma sheet observations are analyzed. These were initially chosen on the basis of strong central (core) fields compared to nearby lobe field strengths by Slavin et al. (1995) ; the selection criteria by design did not include field directional changes. This present study starts with the same set of events as Slavin et al. Further discrimination is done on the basis of how well the signatures are fit by a force-free flux rope field model. This model was earlier applied successfully to magnetotail flux ropes where GEOTAIL field data were used. In general the ISEE 3 study yields average properties for the flux ropes that are similar to those of the GEOTAIL study, which had only about half the number of events, and hence, it strongly supports that earlier study. One difference in the results of these studies, however, is the greater longitudinal spread of rope-axes in the present study, and this feature, related flux rope current systems, and other properties are discussed. The results of this study should provide rigid constraints on global models of tail current systems associated with tailward moving flux ropes related to substorms.
Introduction
Recently it was shown that a set of ten plasmoid-like signatures in GEOTAIL magnetic field and plasma data had field structures that were well approximated by a model that considers them to be force-free flux ropes . In this sense they appear to be similar in field structure to interplanetary magnetic clouds (Burlaga, 1991) . The axes of the magnetotail flux ropes were on average oriented cross-tail, with only a moderate amount of directional spread, as was shown by an analysis developed for studying the magnetic clouds as force-free flux ropes (Burlaga, 1988; Lepping et al., 1990) . We study here a more comprehensive set (19) of similar signatures seen in the ISEE 3 magnetic field and plasma data when the spacecraft was located between 200 and 236 Re from the Earth in the magnetotail, about twice the distance chosen for the GEOTAIL study. The ISEE 3 events had the special feature of possessing field magnitudes (observed as peak fields, BPK) that exceeded the local tail-lobe field values (BL) by at least 10% (with a mean of 28%) (Slavin et al., 1995) , and in fact were chosen on that basis. Most of the GEOTAIL cases (60%) also had strong core fields, but they were not chosen on that basis.
Obtaining average characteristics of the ISEE 3 flux rope set, through analysis, is the goal of this study, as well as making some select comparisons with the GEOTAIL results. Some of the parameters of concern are axial field strength, field handedness, axial current density, total axial current, rope size, inclination of axes and closest approach distance, C.A.D., of the spacecraft to the axis.
Plasmoids with complex 3-D magnetic field structure are commonly observed in the Earth's magnetotail during geomagnetically active periods, such as during substorm intervals (e.g., see McPherron et al., 1973; Nagai et al., 1994) . They have been determined to have `diameters' along the X-axis of about 5-60 Re generally (whether perceived to have 2-D or 3-D structure) and to move tailward at speeds in the range between 300 and 1000 km/s, with a typical speed of 600 km/s (Scholer et al., 1984; Richardson et al., 1987; Hughes, 1992, 1994; Frank et at, 1994) . Some estimates of their `sizes' range as high as 100 Re (Scholer et al., 1984) . Their cross-sections have been pictured as occurring mainly in the (X-Z)GSM plane, but in reality, of course, such objects may be tilted, and sometimes severly tilted, with respect to either this plane or the (Y -Z)GSM plane, i.e., tilted in either latitude or longitude. In the distant magnetotail, i.e., beyond about 60 Re, the magnetic field structure of these objects must be modeled in three dimensions (3-D). They, in fact, often possess flux rope-like properties Hughes, 1991, 1994; Fairfield et al., 1989) . Whenever that is the case, as a spacecraft passes through the object, the probe usually observes a north-then-south B, variation, more-or-less centered on a maximum field intensity (or near maximum), called the peak field, BPK, at the point of closest approach to the apparent `axis of symmetry.' To our knowledge, actual observations in the distant tail are not known to show minima near the closest approach to a 'plasmoid' axis (Slavin et al., 1989) .
Other authors have called attention to the fact that some 'plasmoids' in the magnetotail have a 3-D structure or strong `core' fields (Hughes and Sibeck, 1987; Sibeck, 1990; Moldwin and Hughes, 1992; Slavin et al., 1995) , unlike the earlier picture of very weak central fields of an effectively 2-D object of elliptical shape in the (X -Z)GSM plane (Hones, 1977 and Hones et al., 1984a,b) . Some of the earlier work discussing plasmoids and alternate types of objects, flux-ropes, are by Moldwin and Hughes (1991 , 1992 , Fairfield et al. (1989) , Frank et al. (1994) , and Machida et al. (1994) .
Event Selection Criteria
Here we provide the selection criteria used to identify the kind of plasmoids/flux ropes studied in this work, i.e., those with strong central magnetic fields, as applied to ISEE 3 magnetic field data (Slavin et al., 1995) . These criteria were applied for the entire 1982-3 interval when ISEE 3 was downstream of the Earth and in the vicinity of the magnetotail. This ISEE 3 study uses the same set of events studied by Slavin et al. The criteria were:
(1) Concerning magnetic field: events were chosen on the basis of a large central field magnitude, B, only (BPK >_ 1.1 BL). No conditions were set for directional changes in the field. On this basis 48 candidate events were found.
(2) Two plasma properties were imposed to ensure that the `high field region' (HFR) was in the plasma sheet: plasma density, N << 1 cm -3 and electron temperature, Te > 6 x 105 K. As discussed by Zwicld et al. (1984) and Slavin et al. (1985) , these criteria will generally exclude the magnetosheath, the tail lobes, and tail boundary layer regions.
Finally, 39 events were accepted to this point. As Slavin et al. (1995) point out all of these events were substorm related. Further discrimination was done on the basis of the application of the flux rope model, as discussed below.
As the criteria state, and we stress, concerning magnetic field properties (Slavin et al., 1995) , only the unusually strong magnitudes were used as identifiers of events, in contrast to the GEOTAIL study mentioned above . We point out that not all of the GEOTAIL events were substorm related (D. Fairfield, private communication), unlike the ISEE 3 events. In the GEOTAIL study field directional-changes were crucial in the selection-survey. Among other things, it is the structure of such objects in the ISEE 3 data that we wish to examine in this study using this simple scalar identifier, the field magnitude. (Burlaga, 1991; Lepping et al., 1990) . The field fitting technique assumes that the electrical current density, J, is field aligned, i.e., J = aB, (1) where B is the magnetic field, and where a is a proportionality factor that is generally a function of position. Hence, it follows that the magnetic force is everywhere zero, i.e., J X B = 0.
In our case a is assumed constant, and thus, with the application of Maxwell's equations, specifically J = V x B for 8E/8t = 0, and V -B = 0, we have V2B = -a2B.
Lundquist (1950) showed that solutions to Eq. (3), when rendered in cylindrical coordinates, are given in terms of Bessel-functions of the zeroth and first order:
where A = axial, T = tangential, and R = radial, as discussed by Priest (1990) , who shows how BA and BT vary with respect to ar (his figure 14) . We see that Eqs. (4) are those of a helical field, i.e., those of a magnetic flux rope. Notice that there is no component of the field normal to the rope's axis, i.e., BR = 0 for all r. Also note that BA, the flux rope's axial field component, is maximum (Bo) on the axis, and that the tangential (or azimuthal) component BT is zero on the axis and increases until or = 2.4 is reached, where the boundary is assumed to occur. The magnitude of the field is also maximum on the axis (Bo) and decreases to a value of about 40% of Bo at ar = 2.4. Much study has indicated that a plasmoid/flux rope has an approximately elliptical cross-section, but with a deviation from a circle that has not yet been well estimated (and may not be until multiple spacecraft studies help determine such spatial characteristics). Hence, we consider that the finally estimated radius of the flux rope, Ro (from aRo = 2.4), is in a sense a mean value of the rope's actual and variable radius. See Slavin et al. (1995) for the application of a more complex flux rope model (briefly described below) that allows for an oval cross-sectional shape in the outer portion, in an attempt to account for the anisotropic external pressure of the tail lobes. Also see recent multi-parameter flux rope models developed by Kivelson and Khurana (1995) , which consider the force free case for both high and low /3 plasmas. Lepping et al. (1996) showed that the average plasma /3 for the ten GEOTAIL flux ropes was 0.6 near the center of the ropes, just barely satisfying one of the force free assumptions (small plasma /3) of the model in that region; the outer region shows even higher plasma /3's. We assume that these conditions also hold for the ISEE 3 set of events. See Osherovich et al. (1995) for a discussion of the effects of the presence of a finite /3 plasma on magnetic flux ropes. Figure 1 shows a sketch of a flux rope in terms of the seven quantities to be fitted: Ro is the radius of the flux rope, C.A.D. is the closest approach distance to the rope's axis, Bo is the estimated field intensity along the rope's axis, OA, OA are the latitude and longitude of the rope's axis, H is the handedness of the rope's helical field, (i.e., the sign of the helicity), and to is the time at closest approach. Before fitting to the first 5 of these parameters (i.e., fitting to H and Bo is done separately), we unit-normalize all field vectors and perform a variance analysis on those vectors. It has been shown through simulations that the intermediate variance direction is usually closest to the rope's axis; ideally the intermediate axis is exactly aligned with the rope's axis if the spacecraft by chance passes through it. Applying this fact provides an initial coordinate system in which the first fitting takes place. The first fit-results are used to modify the values of 0A ,o, 'A,o by ABA, AcA and, hence, an `improved' rope-coordinate system is generated. This usually needs to be iterated a few steps only. The procedure ends when these increments are acceptably small in the iteration process. Bo is the last parameter to be fitted; it is a simple linear scaling to give a best fit to the magnitude. Table 1 gives some observed parameters for the 19 cases successfully fitted (or at least adequately fitted). The other 20 events (= 39 -19) were not fitted acceptably well by our force-free flux rope model according to our subjective evaluation and by a X2 test, but they were clearly 3-D in field structure and qualitatively showed ('noisy') flux rope characteristics. They will not be studied further here. It is not likely that any flux-rope model with a reasonable number of fit-parameters would fit these noisy cases, we believe. In the study by Slavin et al. (1995) rather than fit each of the events as we do, they compared their flux rope model to a superposed epoch average field variation of all of them, the results of which, as expected, were seen to be similar to our findings for most individual cases. Their model differed from ours in that it accounted for three regions in which the inner region (I) was a non-linear force-free flux rope whose axis was assumed to be along the YGSM-axis of the tail, i. e., it was 'cross-tail'. Their outer region (III) was strictly exterior to the flux rope where field-line draping usually occurs, and the region between I and III was a portion of the flux rope in which there was no force-free restriction. Our model examines each case individually and allows for any possible rope axis orientation, but it consists of only one simple force-free region. Hence, our present work is complementary to, and, in some respects, more detailed than their earlier analysis.
In Table 1 Event-number is defined according to the original study by Slavin et al. (1995) , tp is the estimated (pre-fitting) center time of the event, At is the event duration, BL is the field magnitude in the nearest observed lobe, the ratio Bpx/BL is a measure of how strong the peak field (BPK) is compared to the lobe field. The observed tailward speeds, IVVI, ranged from 150 km/s to 650 km/s, as shown, with an average of 447 km/s (rms = 153 km/s).
We now show three pictorial examples of the model's data fitting ability, Event numbers 13 and 17 in Table 1 , which were relatively good examples, and Event 28, which was rather poor, shown for comparison. Other good or `excellent' cases were: nos. 3, 5, 6, 8, 9, 10, 14, and 35 (where perhaps this last one is marginal). Other `poor' examples were Events 34 and 39. Hence, more than half, 10 cases, were good or excellent, and only a few were poor. These subjective evaluations were compared to the related X2/(3N -5) for each event. This is a quality-of-fit parameter, known as the reduced X2; N is the number of points available for the fit, the number 3 is related to the dimensionality, and the number 5 refers to the number of free parameters being fitted (i.e., all seven, except Bo and H). Reduced X2 will be given below for each of the individual events. We will see that it is usually quite small for all of the 19 cases. A reasonable separator-value between good and poor cases for the reduced X2 is set at about 0.030, which consistently separates the events in a manner consistent with the subjective evaluations of the quality of the fits for the events as given above. The fit for Event # 13 (Fig. 2) was `very good' except that the magnitude of the observed field in the core region was dramatically higher than the model field, probably indicating an additional contribution from a very strong current running down the rope's axis. This event was 3.00 Min in duration, had an axis along (PA, 9A = 193°, -3°, and a radius Ro = 7.4 R° (where Re is the Earth's radius). The longitude of this axis was almost perpendicular to the average value of the full set of ISEE 3 events, as we show below, and is an unexpected value according to the previous GEOTAIL study . Earlier, Sibeck et al. (1984) called attention to three examples of tall flux ropes with axis-orientations nearly along the tail axis.
Event # 17 is one of the most successful attempts where both magnitude and direction throughout the flux rope were well fit (see Fig. 3 ). It was 2.75 Min in duration, had an axis along OA, 8A = 311°, -17°, and a radius Ro = 6.0 Re. It is interesting that this event stands alone in the sense that all of the other 18 successful model fittings were for events that occurred in the 
Event
An example of the comparison of ISEE 3 magnetic field data (dots) and model-fitted curves (solid) for 13 from Table 1 , in terms of field magnitude (B), latitude (B), and longitude (0), in GSM coordinates. By contrast, Event # 28 (see Fig. 4 ) has probably the poorest fit of all cases, but was acceptable in that the fitted curve seems to pass through the average observations, and the magnitude-fit, which was especially poor, at least gave a reasonably appropriate half-width, even if temporally displaced. Any fit poorer than this one out of the 39 attempts was rejected. This event was unusually long in duration (8.10 Min), had an axis along OA, BA = 46°, 4°, and a radius Ro = 27.1 Re. Table 2 presents the model fit parameters for the 19 cases (Bo, H, OA, 0A, Ro, and C.A.D. in terms of percent of Ro, as defined in Fig. 1) , and the reduced X2 parameter for a quantitative measure of the fit, as well as St. Figure 5 shows the longitudes and latitudes of the axes of these cases, where values of ¢A occurring in quadrants 3 and 4 were projected to quadrants 1 and 2 by an axis polarity change (then referred to as OA) and the sign of BA also changed accordingly. In Model (solid) and magnetic field data (dots) comparison for Event 28 in the same format as Fig. 3 . Table 3 we present the resulting average characteristics of the fitted parameters, and related rms deviations (=a's), for all the ISEE 3 fit-parameters, as well as the resulting parameter-averages from the previous study of ten flux ropes observed in GEOTAIL data (Lopping et al., 1995) , for comparison.
Notice how similar the results of the two studies are, except for the values of a for ~A. The larger a for this ISEE 3 study indicates that its set of events (of slightly larger sample, 19) gives a broader spread of longitudes of flux rope axes. The longitudes for the GEOTAIL events were much more dramatically 'cross-tail' in character, as the smaller a(¢' 'y) for GEOTAIL shows; there was little difference in the average O'A for the two sets, both being near 90°. The combined results of these two studies should give a more realistic portrayal of the actual distribution of ¢',4.
To provide a perspective concerning O 'A, we point out that if the rope axes were uniformly distributed in longitude, ¢A, (again, such that all were forced to have +Y) for a very large sample of events, the sigma on O''A would be 51°, in contrast to the actual value for the 19 ISEE 3 cases, which was 41°. So we see that the tendency for the axes to be aligned 'cross-tail' (i.e., along Y) is distinctly weaker for this set.
Discussion
First, we point out that the ISEE 3 events were chosen according to a simple scalar quantity (magnitude of the field), not field direction as was done for the GEOTAIL events, and yet in most respects both sets yielded similar results, described by the average characteristics in Table 3 . However, the important difference in the results of the studies, as mentioned above, was the greater longitudinal spread of rope-axes in the present study compared to the GEOTAIL results (a = 41° vs. o-G = 14°). Since the ISEE 3 set was larger, and because of the unbiased way the events were chosen in this respect (i.e., scalar parameter IBS used, and not field Br changes, which can influence the axes-distribution), we believe the ISEE 3 results probably represent a more realistic distribution of OA. Perhaps a combination of the two sets is closest to reality; only sets with significantly larger numbers of events will clarify this.
There was relatively good agreement between the polarity of the IMF By and the polarity of the flux rope's axis for both the ISEE 3 (Slavin et al., 1995) and the GEOTAIL events, and similarly for past flux rope events studied (Hughes and Sibeck, 1987 ; also see Cowley, 1981 , for a general discussion of the effects of the Y-component of the IMF on the magnetosphere). This seems to indicate that the magnetotail flux rope's axial-field may be connected to the boundary of an `open' tail and, in turn, connected to the IMF. This idea simply extends field 'openness' to the lower latitude flanks (where the rope axes are generally found) to accommodate current closure. An obvious, but we believe less reasonable, alternative would be a rope's axial currents closing on a closed magnetopause.
We note that the estimated sizes, i.e., Ro's, for the two sets of flux ropes differed according to distance from Earth, the farther the larger, by about 4/3, where GEOTAIL was located on average at about 110 Re from Earth and ISEE 3 at about 220 Re. We are not sure, however, if this is real or a result of any selection biases, or the accumulation of estimation errors. For example, the two sets differed in their average measured speeds past the spacecraft in just the way that could produce such an effect, within about 20%. That is, the average velocity for the ISEE 3 set was 447 km/s and that for GEOTAIL set was 271 km/s.
Finally, we point out that the success of the our model in fitting many of these objects as flux ropes provides us a means of estimating the actual current density everywhere within their volumes. For any given case the current density also ideally has a helical structure, since it is field-aligned, J = aB. Since a = 2.4/Ro, we can derive a simple expression for the magnitude of the current density along the rope's axis, which is Jo =2.4Bo/Ro.
Next to the last column in Table 2 gives estimated values for Jo for the 19 ISEE 3 events. The average of these is 0.60 nA/m2 (a = 0.54 nA/m2), which is about a factor of 2 lower than that quoted for the GEOTAIL study , which gave 1.1 nA/m2. This difference is at least partly due to the difference in average Re's for the two sets, as mentioned. These estimates for Jo are consistent with, but on the lower side of, the range of values for Jo obtained by Frank et al. (1995) for a GEOTAIL event of January 21, 1993 based directly on electron and ion measurements. Khuruna et al. (1995) report on the direct detection of the current in a core of an earthward moving flux rope observed on December 8, 1990 from plasma and magnetic field data from the Galileo spacecraft. The net flux of counter-streaming electrons provided an estimate of the rope's current at various locations, giving generally <10 nA/m2. But two near-core values were surprisingly large, 35 and 60 nA/m2, considerably higher than those found here. However, they also discuss another flux rope event on the same day, but moving tailward, as all of our cases were. For this event they made model estimates of the flux rope currents that essentially agree with the average values given by Lepping et al. (1995) , i.e., -1 nA/m2, and therefore, not very different from results of this ISEE 3 study. Using our model we now consider the net axial current (IE) for a flux rope which is the integrated axial current density, JA, throughout the cross-section of the rope, IE _ JA (r) dS ~_-(0.432) Jo(rrR9), (6) where the factor 0.432 arrises from the fact that the axial component of the current density varies across the flux rope in the same manner as BA, as given by the zeroth order Bessel function (Priest, 1990; Lepping et al., 1996) , and the current of interest is considered from the axis out to the point aRo = 2.4 from the axis, as discussed above, and where it is assumed that the rope is truly circular in cross-section. From Eqs. (5) and (6) it is easily shown that IE ^_, (1.04) rrBoRo, demonstrating that the net axial current is simply proportional to the product of the magnitude of the axial magnetic field and the estimated flux rope radius for our model. The last column of Table 2 provides estimates of IE for the ISEE 3 events. The average value of these is 1.9 x 106 A (a = 1.3 x 106 A), smaller than the average total axial currents estimated for the GEOTAIL events, 3.4 x 106 A.
Summary and Conclusions
Concerning the magnetic field selection criteria employed, a total of 48 events were identified in the ISEE 3 data on the basis of the value of I B I only, i.e., large I BI (BPK >_ 1.1 BL (Slavin et al., 1995) . Finally, 39 `high field' events were accepted by Slavin et al. based on further discriminating plasma characteristics: low density (N K 1 cm-3) and high electron temperature (Te > 6 x 105 K). It was then observed that essentially all of these structures had bipolar B. signatures and high speed anti-sunward flows characteristic of plasmoids/flux ropes (Slavin et at, 1995) . The authors then successfully fit the `average rope field signature' (based on an average of all 39 events) with a three region model in which the inner region was a non-linear, force-free flux rope.
In contrast, we have individually modeled the high field intensity 'plasmoid' events found by Slavin et al. (1995) using the same 7-parameter (relatively simple) model of Lepping et al. (1995) , which considers the entire volume of such an object to be a linear force-free flux rope. The results showed that 19 out of 39 events were good examples of such flux ropes. Most events were observed when ISEE 3 was located near 220 Re. Overall the flux rope fitting results are similar to those found from the GEOTAIL data analysis , except for a bigger spread in O'y(ISEE) (which is a = 41°). (Even 60% of GEOTAIL events had large central IBI's.)Concerning the distance from Earth that the two spacecraft were located for the selected events, we point out that ~XJ(ISEE) was about 2 x IXI(GEOTAIL). The overall results are apparently not strongly dependent on distance. For the ISEE 3 events there was considerable anisotropy in the spread of axis-alignment, i.e., the spread in estimated axes was much greater in longitude (in the X-Y plane) than in latitude; specifically, a(OA) is about 2 x 0-(OA). The average current density was 0.60 nA/m2, about a factor of 2 lower than that estimated for the GEOTAIL set (1.1 nA/m2). This difference was principally related to the estimates of Ro for the two sets arising from the difference of the measured plasma velocities, shown in Table 3 . The average total axial current for the ISEE events was 1.9 x 106 A, again smaller than that estimated for the GEOTAIL set of events, 3.4 x 106 A.
This ISEE 3 study essentially confirms the earlier GEOTAIL study in most respects, except one: the attitudes of magnetotail flux rope axes were much more scattered in longitude but still maintained a preference for being cross-tail at mainly low latitudes. And none of the 39 events could be properly described by an effectively 2-D geometry. These results should provide rigid constraints on flux rope associated tail current systems, on both current strength and direction, developed during substorm activity, as determined by global models of such current systems.
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